Abstract -This paper introduces a ground-based Multistatic Circular Synthetic Aperture Radar (MuCSAR) used to detect small objects on the ground. The received signals have been modelled and the system prototype has been developed. The proposed signal processing is also described. An experimental investigation for Foreign Object Detection application has been analysed.
INTRODUCTION
Area observation for detecting small objects on the ground is an interesting topic for some applications e.g., Foreign Object Detection (FOD) for airport runway scanning. Using radar systems is preferable over other vision systems, mostly due to their ability of having a larger coverage area and robustness, day and night use, as well as in poor weather conditions [1] . There are generally two categories of radar systems: Real Aperture Radar (RAR) and Synthetic Aperture Radar (SAR). RAR systems require a large wavelength to achieve high resolutions for object detection. In contrast, SAR systems improve their resolution by using the Doppler Effect, produced by a relative motion between radar and the object, as well as a longer observation time [2] . In the last decade, airborne and space-borne synthetic aperture radar techniques have been successfully extended to Ground-Based SAR (GB-SAR) for a higher spatial resolution. Airborne and space-borne SARs usually use linear trajectories as described by the moving platform. However, in GB-SAR a linear movement is practically difficult, because normally the whole platform is installed on a mast, which remains static, and only the antenna is moving or swinging. Thus, it is easier to allow the antenna to have a circular trajectory. This kind of SAR system is called Circular SAR (CSAR) and was introduced in [3] . In the report [3] , the developed CSAR system used a Monostatic configuration and the object was outside of the antenna's trajectory, which is different from the spotlight SAR. Currently, most research activities on radar systems are bistatic radar, multistatic radar or MIMO radar. Bistatic radar, which has a spatially separated transmitter and receiver, has significant advantages, mainly due to a bigger Radar Cross Section (RCS); especially for objects near to the baseline. In [4] , the authors showed that by selecting a suitable frequency range, the RCS in the bistatic model can be much bigger than its monostatic counterpart, especially when the object is near to the transmitter / receiver baseline; called the Forward Scattering (FS) region. This means that the received signal is much stronger than monostatic and hence, the detection sensitivity is increased. A comparison between RCS in forward scattering and backward scattering is shown in Fig.1 We used the 3D electromagnetic simulations package, CST Microwave Studio, to predict RCS based on a normalized parameter p=2πR/λ where R is the radius of the spherical target and λ is the wavelength of the wave. L. Sevgi in [5] divided the monostatic RCS of a PEC sphere into three categories: Rayleigh, Resonance, and Optical region. As shown, the FS RCS increases linearly for a vast frequency range. However, for lower frequencies, the FS RCS is smaller than the monostatic RCS, and at higher frequencies it exceeds the monostatic one, and we can get a dramatic improvement of up to almost 20dB by selecting the proper frequency range. Using a network of receivers as the multistatic idea, the desired area is viewed in several aspect angles, and thus, more useful information can be retrieved from the receiving signals; and thereby, a higher resolution image of the area can be made. As will be shown in following sections, this can compensate the bistatic weakness in range resolution lost in forward scatter areas. In this paper, we introduce a ground based Multistatic CSAR (MuCSAR), used for detecting objects on the ground. The transmitter of the proposed system is moving, while a few fixed receivers are distributed on the field, and it could be randomly distributed. Consequently, there is a chance that the system could experience a bistatic and forward scatter condition, for the same object's position. There is also a possibility to network the receivers. The performance of the proposed system is analysed based on its ability for object detection and localization.
II. GROUND BASED MULTISTATIC CIRCULAR SAR
The geometric topology of MuCSAR and the transmitter are shown in Fig. 2 . The horn antenna is used at the transmitter and it is equipped with an arm as a holder, which rotates with an angular speed 'Ω'. The angular speed affects the slow time signal. Receivers are installed on small towers at different positions surrounding the desired area, at different bistatic angles. Each receiver is equipped with a circuit for signal extraction. We can process the signals from different receivers by fusion of the video signals of them. A communication system may be used to gather the signals into a central processing computer. This topology for one receiver is shown in Fig. 3 . Other receivers may use other ADC ports, in case the video signals are sent to the processing station before digitizing.
The used pulse is a Linear Frequency Modulation (LFM) and is given by:
Where, a(t) represents transmitter power for 0 ≤ t ≤ T p and otherwise zero; 'T p ' is the LFM chirp pulse duration; and 'α' is the chirp rate. On the receiving side, we will receive p(t) and its modulated reflection from the object. We have tested the effect of changing the antenna's height and tilt angles, in terms of detection. This information could help in designing the system for different applications, whilst reducing development costs. The receiver circuit employs a simple down conversion technique by using a non-linear device; which in this case is the diode detector, as shown in Fig. 3 . The circuit simultaneously extracts the Doppler frequency that will be used for cross-range processing and the pulse compression as the main tool for range processing. 
. Received Slow Time Signal
If we consider the transmitter antenna in slow time, which is rotating 180° horizontally, the distance to the object changes with respect to slow time. Therefore, the Doppler effect will occur between them as the time rate of change of total path length of the scattered signal normalized by the wavelength 'λ' as [6] :
Where, 'R T ' and 'R R ' are the distances between the transmitter to the object and the object to the receiver, respectively. In a 2D view, as shown in Fig. 4 , we established that the XYcoordinate system whose origin is at the transmitter platform 'O', and 'r' is the arm length, 'OA'. While the transmitter antenna is rotating, its angle to the X-axis can be represented as a function of slow time 'ϕ(τ) '. If we consider the point target 'P' with the range 'r T ' and angle 'θ', with respect to the X-axis, by the law of cosines, we can calculate 'R T ', as the distance between the moving transmitter and object as a function of slow time:
By combining (2) and (3) and noticing that, 'OA' and 'R R ' are fixed, we will have: As we can see from (4), the f D is invariant from Rx_R (Object-Receiver distance) and can be used for backscatter, bistatic, or forward scatter modes. By having f D as a function of slow-time and adopting the received power calculation, which depends on the object and antennas positions, antenna patterns, object RCS, and transmitter radial velocity, the received signal after down conversion for point object at different positions is shown in Fig. 5 . This signal pattern and features can be used for object detection. 
III. SIGNAL PROCESSING FOR OBJECT DETECTION

A. Match Filtering
We can differentiate between the signals of objects at different angles by correlating them with the constructed matched filter. We consider the reference range shown in Fig.  2 as being the average of near and far ranges of scanning areas and make a bank of signals that correspond to several different objects along this range. By measuring the amplitude and phase deviation between the correlation of unknown signals and the reference bank, detection and position can be predicted. For example, the result of this action for an object at OP=5 metres and θ=0° with a bank of 180 reference points along the reference range is shown in Fig. 6 . 
B. Pulse Compression
If we consider the point object in Fig. 4 , the scattered signal will travel the distance (Tx_R+Rx n _R) to reach the n'th receiver antenna. This distance will cause a time-delay of:
Where, 'c' is the propagation speed. The received scattered signal will be a modulated copy of (1), as [7] :
p(t-t ds )= σa(t-t ds )cos(2πβ( t-t ds )+2πα (t-t ds )
2 ) Where, 'σ' is the reflectivity of the point object. σ depends on many factors such as object position, material, radar frequency, and slow time that represents the transmitter antenna's position, etc. In the case where the non-linear device is a diode, the reference signal will also get a time-delay, as traveling Tx-Rx slant range to reach the receiver, so the difference between two time-delays will be effective.
After the down conversion and removing the lower parts of the harmonic signals, the received signal can be represented by:
S c (t)= σ /2a(t)a(t-t ds ) cos(2πβ t ds -2πα t ds 2 +4πα t ds t)
We can see that S c (t) is a sinusoid signal with 2α t ds frequency and (2πβ t ds -2πα t ds 2 ) delay. By measuring the frequency of the received pulse and dividing it by 2α/c, we can plot the iso-range curve. Iso-range in this case is an ellipse with foci points at Tx & Rx antenna positions. As we know, an ellipse is the locus of points with constant sum of distances from two fixed points, called 'foci'. In our discussion this constant is Tx_R+Rx n _R=2a where 'a' is the ellipse semi-major axis. The Tx antenna position is varying in slow time so we can consider its position when it faces the object exactly. This point is known as the Closest Point of Approach (CPA). Fig. 7 shows these ellipses for different object positions. It can be seen, that by changing the objects position, the ellipse is rotating slightly around the x-axis with different eccentricity. The bigger ellipses correspond to objects at larger distances to the Tx & Rx antennas. The continuous line ellipses represent objects at the positive angles of 85° and 45°, respectively; while the dashed ellipses belong to the counterpart negative angle objects. Now we can find the object's position by cross connection of angle measured line with iso-range ellipse. Star cross connection points, as shown in Fig. 7 , represent the detected objects positions. Also, Fig. 8 shows the iso-range ellipse for an object at the coordinate (5, 45°). The result of slow-time processing is shown as a diagonal line, which we can call the iso-Doppler line. The positions of the transmitter and receiver antennae are illustrated as small points on both sides of the figure.
iso As we know, the object is shown by the cross point of two locus, as shown in Fig. 9 . As one may have expected, it is shown as a small point. 
C. Multistatic Configuration:
Degrading range resolution, when the object is closing towards the baseline, is a main problem in bistatic systems. The total resolution depends on the angle between isoDoppler and iso-range loci. In order to improve resolution ability, we can use two or more receivers. Through proper receiver positioning, we can offer each point a chance to have a bigger bistatic angle, which will give it a better range resolution. A sample of this method, for an object at coordinate (5, 0°), was scanned by two receivers (shown in the upper and lower corners), and is shown in Fig. 10 .
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IV. CONCLUSION AND WORK IN PROGRESS
We introduced a radar system for detecting static objects using a ground-based LFM Multistatic Circular SAR (MuCSAR). The received signal, which includes both the slow-time Doppler effect and the fast-time chirp signals, was modelled and a prototype has been developed. An experiment to detect foreign objects on a flat terrain is in progress.
Experimental results, with different sizes and types of objects, and also analysis of the multistatic configuration will be presented later. We show that by processing the signals collected from different receivers positioned at proper points -resolution ability will be improved.
